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Abstract—We analyze, both theoretically and experimentally,
the phase noise of the radio frequency (RF) beatnote generated
by optical mixing of two orthogonally polarized modes in an
optically pumped dual-frequency Vertical External Cavity Sur-
face Emitting Laser (VECSEL). The characteristics of the RF
phase noise within the frequency range of 10 kHz - 50 MHz
are investigated for three different nonlinear coupling strengths
between the two lasing modes. In the theoretical model, we
consider two different physical mechanisms responsible for the
RF phase noise. In the low frequency domain (typically below
500 kHz), the dominant contribution to the RF phase noise is
shown to come from the thermal fluctuations of the semicondutor
active medium induced by pump intensity fluctuations. However,
in the higher frequency domain (typically above 500 kHz), the
main source of RF phase noise is shown to be the pump intensity
fluctuations which are transfered to the intensity noises of the
two lasing modes and then to the phase noise via the large
Henry factor of the semiconductor gain medium. For this latter
mechanism, the nonlinear coupling strength between the two
lasing modes is shown to play an important role in the value
of the RF phase noise. All experimental results are shown to be
in good agreement with theory.
Index Terms—Dual-frequency laser, VECSELs, phase noise.
I. INTRODUCTION
THE increasing demand for spectrally pure optically-carried radio frequency (RF) signals comes from their
broad application areas such as wide-band signal processing
[1], [2], long-range transmission of high purity RF references
[3], [4], ultrastable atomic clocks [5], etc. The dual-frequency
laser, sustaining oscillation of two orthogonally polarized
modes with frequency difference in the RF range, is a promis-
ing source for direct generation of such optically-carried high
purity RF signals. The advantages of this technique for the
direct generation of optically-carried RF signals, compared
to other obvious techniques such as optical heterodyning of
two independent lasers [6], [7], are the narrow linewidth,
continuous frequency tunability, and 100 percent modulation
depth of the RF signal. Such tunable dual-frequency operation
has been realized for different solid-state lasers [8]–[10], but
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the main limitation of these solid-state lasers comes from the
relatively strong intensity noise due to relaxation oscillations
inherent to their class-B dynamical behavior [11], [12]. The
dual-frequency VECSEL does not suffer from relaxation os-
cillations because of its class-A dynamical behavior, which is
ensured by achieving longer photon lifetime (∼10 ns) inside
the cm-long external cavity than the carriers’ lifetime (∼3 ns)
of the semiconductor gain medium [13]. Moreover, similarly
to dual-frequency solid-state lasers, the RF beatnote generated
by the dual-frequency VECSEL is widely tunable by varying
the intra-cavity phase anisotropy [13].
More importantly, the spectral purity of the beatnote, which
depends on the correlation of the intensity and phase fluc-
tuations of the two lasing modes, is very high since the
two orthogonal polarization modes are oscillating inside the
same cavity. We have already investigated such correlation
behavior between the intensity noises of the two modes of
dual-frequency VECSEL for different coupling situations [14].
Now, we know that the spectral purity of the RF beatnote is
actually related to the correlation of the optical phase noises
of the two modes, since the positively correlated part of the
phase fluctuations will cancel out in the beatnote generated by
optical mixing of the two laser modes. But the intensity noise
correlation between the two laser modes is also expected to
have strong influence on the spectral purity of the RF beatnote
as phase fluctuations are coupled to intensity flcutuations due
to the large Henry factor of the semiconductor gain medium of
such a VECSEL [15]–[17]. Moreover, there are other reasons
such as thermal or mechanical fluctuations of the laser cavity,
which can create some additional phase noise.
In the present paper, we analyze, both experimentally and
theoretically, the behavior of the phase noise of the RF
beatnote for different coupling situations between the two laser
modes within the 10 kHz - 50 MHz frequency range. Indeed,
the simultaneous oscillation of the two modes in the dual-
frequency laser is ruled by the nonlinear coupling constant
which must be the lowest possible for robust operation. By
contrast, the spectral purity of the beat note is expected to
increase if the two modes share exactly the same optical
path into the laser, which leads to a high nonlinear cou-
pling constant. Thus, a thorough understanding of how the
phase noise of the RF beatnote evolves with respect to the
mode coupling strength is useful. In the theoretical model,
we suppose that the only source of noise is the intensity
noise of the pump diode laser, which is white within the
frequency range of our interest (10 kHz - 50 MHz). Moreover,
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Fig. 1. Schematic of the basic principle of the dual-frequency VECSEL. The
birefringent crystal (BC) spatially separates the two modes polarized along
the ordinary (o) and extraordinary (e) directions. They partially overlap in
the active medium. The length of the semiconductor 1/2-VCSEL is LSC .
The length of the external cavity is Lext. The optical length of the cavity is
Lopt.
the pump fluctuations entering into the two laser modes are
partially correlated, but are in phase. Now in the model we
consider two different mechanisms through which the pump
intensity noise is affecting the phase noise of the RF beatnote.
Firstly, the pump intensity noise is contributing to the higher
frequency (typically for frequencies larger than 500 kHz) part
of the RF phase noise via phase-intensity coupling due to
the large Henry factor of the semiconductor active medium.
The other contribution of the pump noise to the RF phase
noise (typically for frequencies lower than 500 kHz) is coming
through the thermal fluctuations of the refractive index of
the semiconductor structure and hence the fluctuations of
the effective cavity length [18]. In Section II, we develop
a theoretical model aiming at describing the effects of the
pump noise on the phase noise of the RF beatnote. Section III
describes the experimental set-up for measuring the RF phase
noise. In Section IV, we compare the experimental results with
the predictions of our theoretical model for different coupling
strengths between the two modes, controlled by the spatial
separation of the two modes inside the active medium.
II. THEORETICAL MODEL
The basic working principle of our dual-frequency VEC-
SEL, in which two orthogonally polarized modes are partially
spatially separated in the active medium by an intra-cavity
birefringent element, is schematized in Fig. 1. To model the
effect of pump noise on the noise properties of this laser, we
take into account two different physical mechanisms. They are
described in the following subsections.
A. Propagation of intensity to phase noise via phase-intensity
coupling
In this subsection, we generalize the model developed
earlier [14]. This model has proved to be successful to describe
the correlations between the intensity noises of the two modes
induced by the intensity noise of the pump laser. We now
generalize this model to take into account the transfer of
intensity noise to the phase noise of the RF beatnote via phase-
intensity coupling through the Henry factor. The rate equations
governing the laser behavior read [14]:
dF1(t)
dt
= −F1(t)
τ1
+ κN1(t)F1(t), (1)
dF2(t)
dt
= −F2(t)
τ2
+ κN2(t)F2(t), (2)
dN1(t)
dt
=
1
τ
[N01(t)−N1(t)]− κN1(t)[F1(t) + ξ12F2(t)],
(3)
dN2(t)
dt
=
1
τ
[N02(t)−N2(t)]− κN2(t)[F2(t) + ξ21F1(t)],
(4)
dφ(t)
dt
=
dφ1(t)
dt
− dφ2(t)
dt
=
α
2
κ[N1(t)−N2(t)]. (5)
Here F1 and F2 are the photon numbers in the two cross-
polarized modes, N1 and N2 are the corresponding population
inversions, φ1 and φ2 are the optical phases of the two lasing
modes and φ is the phase of the RF beatnote, generated
by optical mixing of the two laser modes. τ1, τ2 are the
photon lifetimes inside the cavity for the two modes. We
choose to consider two different photon lifetimes, since the
two modes experience different losses inside the cavity. τ is
the population inversion lifetime, which is identical for the
two modes. N01 and N02 are the two unsaturated population
inversions, since N01/τ and N02/τ denote the pumping rates
for the two modes, respectively. The stimulated emission
coefficient κ is proportional to the stimulated emission cross-
section. α holds for the Henry factor, which is the ratio of
the carrier induced change of real part of refractive index
to the corresponding change of imaginary part of refractive
index [15]. The coefficients ξ12 and ξ21 are the ratios of the
cross- to self-saturation coefficients, which take into account
the effect of partial overlap between the two modes inside the
gain medium. Therefore,
C = ξ12ξ21 (6)
defines the nonlinear coupling constant [19], on which depends
the possibility for the two modes to oscillate simultaneously.
This approach will allow us to vary the coupling constant (C)
simply by changing the ratios of the cross- to self-saturation
coefficients, through adjustment of the spatial overlap between
the two modes in the active medium. This technique is very
simple, although it is not easy to describe in the framework of
the usual spin-flip model [20]–[24]. The steady-state solutions
for simultaneous oscillation of the two orthogonally polarized
modes, obtained from Eqs. (1-4), are given as
F1 ≡ F10 = (r1 − 1)− ξ12(r2 − 1)
κτ(1− C) , (7)
F2 ≡ F20 = (r2 − 1)− ξ21(r1 − 1)
κτ(1− C) , (8)
N1 ≡ N1th = 1
κτ1
, (9)
N2 ≡ N2th = 1
κτ2
. (10)
Here r1 = N01/N1th and r2 = N02/N2th are the excitation
ratios for the two modes, where N01 and N02 are the steady-
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state values of the corresponding unsaturated population in-
versions. In the following, we suppose that the pump intensity
noise is the dominant source of noise in the considered
frequency range (10 kHz - 50 MHz). The pump fluctuations
for the two modes are modeled as:
N01(t) = N01 + δN01(t) , (11)
N02(t) = N02 + δN02(t) . (12)
The fluctutations in photon numbers and corresponding pop-
ulation inversions around their steady-state values are defined
as
F1(t) = F10 + δF1(t) , (13)
F2(t) = F20 + δF2(t) , (14)
N1(t) = N1th + δN1(t) , (15)
N2(t) = N2th + δN2(t) . (16)
If now we substitute Eqs. (11-16) into Eqs. (1-4) and then per-
form Fourier transformation, followed by linearization around
the steady-state, we obtain the following expression, relating
the fluctuations of the photon numbers of the two laser modes
to the pump fluctuations, in the frequency domain:[
δ˜F 1(f)
δ˜F 2(f)
]
=
[
M11(f) M12(f)
M21(f) M22(f)
] [
˜δN01(f)
˜δN02(f)
]
, (17)
where the tilde symbol indicates Fourier transform and where
M11(f) =
1
τ
[ 1τ2 −
2ipif
κF20
(r2/τ − 2ipif)]
∆(f)
, (18)
M12(f) =
ξ12
ττ1∆(f)
, (19)
M21(f) =
ξ21
ττ2∆(f)
, (20)
M22(f) =
1
τ
[ 1τ1 −
2ipif
κF10
(r1/τ − 2ipif)]
∆(f)
, (21)
and
∆(f) = [
1
τ1
− 2ipif
κF10
(r1/τ − 2ipif)]
× [ 1
τ2
− 2ipif
κF20
(r2/τ − 2ipif)]− C/τ1τ2 . (22)
Therefore, the fluctuations of the RF phase in frequency
domain can be easily obtained by Fourier transforming Eq. (5)
and combining it with Eqs. (1) and (2), leading to:
δ˜φ(f) =
α
2
[
δ˜F 1(f)
F10
− δ˜F 2(f)
F20
] . (23)
Now in the experiment, the two modes, which are partially
overlapping in the gain medium, are pumped by the same
pump laser. Therefore, we choose the following approxima-
tions for the pump fluctuations [14]:
〈|δ˜N01(f)|2〉 = 〈|δ˜N02(f)|2〉 = 〈|δ˜N0|2〉 , (24)
〈δ˜N01(f) ˜δN∗02(f)〉 = η〈|δ˜N0|2〉eiψ . (25)
The pump noises entering into the two laser modes are white
noises of identical amplitudes, as implied by Eq. (24). Fur-
thermore, Eq. (25) describes the correlation behavior between
the pump fluctuations for the two laser modes. For the theory
we have assumed that the pump intensity fluctuations for the
two modes are partially correlated (0 < η < 1) and η is
independent of frequency within the frequency range of our
interest (10 kHz - 50 kHz). Moreover, the pump fluctuations
are also assumed to be in phase (ψ = 0). Considering all
the above approximations, which have been shown to be valid
[14], the power spectral density (PSD) of the phase noise for
the RF beatnote can be written as:
〈|δ˜φ(f)|2〉 = α
2
4
[
〈|δ˜F 1(f)|2〉
F 210
+
〈|δ˜F 2(f)|2〉
F 220
−2〈Re(δ˜F 1(f)δ˜F
∗
2(f))〉
F10F20
] . (26)
So Eq. (26) clearly shows the dependence of the RF phase
noise not only on the intensity noises (first 2 terms of right
hand side) but also on the correlation between the intensity
noises of the two laser modes (last term on the right hand
side).
B. Thermal Fluctuations Induced by the Pump Fluctuations
Thermal fluctuations can have a deleterous effect on the
phase noise of the laser modes. Generally, thermal fluctuations
introduce fluctuations of cavity length either by varying the
effective refractive index inside the cavity or by the varying the
physical length of the cavity. These cavity length fluctuations
are translated into fluctuations of the optical phases of the
laser modes. In the present section, we start, following Refs.
[25]–[27], by deriving the power spectral density (PSD) of the
optical phase noise for a single mode laser induced by such
thermal fluctuations. Then we extend this to the case of our
dual-frequency VECSEL.
It is worth mentioning that in this study we will not
consider the effect of temperature fluctuations either due to
entropy change generated by the spontaneous emission usually
in solid-state lasers [29], [30] or free electron generation-
recombination associated with materials defects in the semi-
conductor structure [31], which explain the so called 1/f
frequency noise.
1) Single mode laser: The instantaneous angular frequency
of the laser, which is an integer multiple of the free spectral
range of the cavity, is given by
ω(t) = q
pic
Lopt(t)
, (27)
where q is an integer and c is the vacuum velocity of the light.
The time varying quantity Lopt(t) denotes the total optical
length of the laser cavity, which can be expressed as
Lopt(t) = Lext + nSCLSC , (28)
where Lext is the length of the external cavity, and where nSC
and LSC are the effective refractive index and the thickness of
the semiconductor structure. Then the variation of the optical
frequency due to total cavity length variation can be given as
δωth(t) = −ω(t)δLopt(t)
Lopt(t)
. (29)
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The dominant contribution in the thermal fluctuations of the
optical length of the cavity comes from the fluctuations of
the refractive index of the semiconductor structure [26], [27],
leading to:
δωth(t) ' − ω0
Lext
δn(t)LSC , (30)
where δn(t) is the temporal fluctuations of the refractive index,
induced thermally and averaged over the volume of the optical
mode. We can describe it as
δωth(t) ' −ω0ΓthδT (t), (31)
where δT (t) denotes the fluctuation of the temperature, aver-
aged over the optical mode volume and Γth is defined as
Γth =
LSC
Lext
dn
dT
. (32)
In general, the temperature fluctuation δT (t) of the semicon-
ductor structure averaged over the optical mode volume is the
sum of two terms [28]:
δT (t) = δTk(t) +RthδPp(t) ∗ θ(t), (33)
where δTk(t) defines the fundamental thermodynamic fluc-
tuations of the semiconductor, when it is maintained at a
fixed temperature T and the last term of the right hand side
describes the effect of temperature fluctuations induced by
pump power fluctuations.∗’ represents the convolution product.
Rth is the thermal impedance of the semiconductor structure,
averaged over the volume of the optical mode. δPp holds
for the fluctuations of the pump power and θ(t) defines the
impulse temperature response of the semiconductor structure
to the pump power. As usually performed [27], we model the
transfer function Θ(f), which is Fourier transform of θ(t), as
a first-order low-pass filter, leading to:
|Θ(f)|2 = 1
1 + (2pifτth)2
. (34)
The order of magnitude of the response time (τth) of thermal
diffusion is given as [32]
τth '
w2p
2piDT
, (35)
where wp is the waist of the pump beam on the semicon-
ductor medium and DT is the thermal diffusion coefficient.
To evaluate the order of magnitude of the first term in the
right-hand side of Eq. (33), we obtain the variance of the
intrinsic temperature fluctuations of the semiconductor due to
the fundamental thermodynamic fluctuations from Refs. [33]–
[35]:
〈δT 2k 〉 =
kBT
2
CvV
. (36)
Here kB is Boltzman’s constant, Cv is density of specific heat
and V ' piw20Lµc represents the volume of the semiconductor,
occupied by the optical mode (w0 is the laser mode size).
Therefore, the power spectral density (PSD) of the thermal
fluctuations, induced by the fundamental thermodynamic fluc-
tuations, is given as following
ST (f) =
kBτthT
2
pi2f2CvV
|Θ(f)|2. (37)
Similarly the power spectral density of the thermal fluctua-
tions, induced by the pump power fluctuations, is given by
SP (f) =
Rth
2
4pi2f2
|Θ(f)|2RINP (f)P 2P , (38)
where RINP is the pump relative intensity noise (RIN) and
PP is the incident pump power. For our laser, if we compare
the PSD of the thermodynamic fluctuations (ST (f)) with
the PSD of the thermal fluctuations, induced by the pump
power fluctuations (SP (f)), we find that the effect of the
fundamental thermodynamic fluctuations is very small (∼ 105
times smaller) compared with the effect of the pump power
fluctuations. Therefore, in the following, we neglect the effect
of fundamental thermodynamical fluctuations, i. e., the first
term in the right-hand side of Eq. (33). We can then Fourier
transform Eq. (33) and obtain the optical phase noise power
spectral density as
|δ˜φopt(f)|2 =
ω20Γ
2
thRth
2
4pi2f2
|Θ(f)|2RINP (f)P 2P
= |Λ(f)|2|δ˜PP (f)|2, (39)
where we have defined the transfer function
|Λ(f)|2 = ω
2
0Γ
2
thRth
2
4pi2f2
|Θ(f)|2, (40)
and where
|δ˜PP (f)|2 = RINP (f)P 2P (41)
holds for the power spectral density of the pump power
fluctuations.
2) Dual-frequency VECSEL: In the case of our dual-
frequency VECSEL, the two orthogonally polarized modes,
having a frequency difference in the RF range, are oscillating
inside the same cavity. Therefore, in the frequency domain,
the phase fluctuations of the RF beatnote generated by optical
mixing of the two laser modes, are given by
δ˜φRF (f) = δ˜φ1(f)− δ˜φ2(f)
= Λ1(f)δ˜PP1(f)− Λ2(f)δ˜PP2(f), (42)
where δ˜φ1(f), δ˜φ2(f) are fluctuations of the optical phases
of the two laser modes and δ˜φRF (f) is the corresponding
RF phase fluctuation in the frequency domain. Moreover,
δ˜PP1(f) and δ˜PP2(f) are the pump fluctuations for the two
corresponding laser modes. Now, we make similar approxi-
mations for the fluctuations of the pumping rates as in Eqs.
(24-25), leading to:
|δ˜PP1(f)|2 = |δ˜PP2(f)|2 = |δ˜PP |2, (43)
〈|δ˜PP1(f)δ˜P
∗
P2(f)|〉 = η|δ˜PP |2 . (44)
Eqs. (43) and (44) describe white pumping noises of identical
amplitudes for the two laser modes and which are partially
uncorrelated (0 < η < 1, η independent of frequency), but in
phase (ψ = 0). Now we suppose that
|Λ1(f)|2 = |Λ2(f)|2 = |Λ(f)|2. (45)
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Fig. 2. Schematic of the experimental set-up for measuring the phase noise of the RF beatnote. d: spatial separation between the two modes on the gain
structure, BC: birefringent crystal, L: lens, T : transmittance of the output coupler, R: radius of curvature of the output mirror, BS: beam splitter, λ/2:
half-wave plate, PBS: polarization beam spliter, D: photodetector, RFA: radio frequency amplifier, ESA: electrical spectrum analyzer, OI: optical isolator, FPI:
Fabry-Perot interferometer.
Therefore, the power spectral density (PSD) of the phase noise
of the RF beatnote in our dual-frequency VECSEL due to
thermal noise, induced by pump power fluctuations, is found
to be
|δ˜φRF (f)|2 = 2(1− η)|Λ(f)|2|δ˜PP |2. (46)
Thus we can conclude that the phase noise of the RF beatnote
due to the thermal fluctuations of the refractive index of
the semiconductor medium, induced by the pump intensity
fluctuations, does not only depend on the PSD of the pump
noise, but also on the correlation (η) between the pump fluctu-
ations entering into the two laser modes. More specifically, the
pump noise induced thermal fluctuations provide a significant
contribution to the RF phase noise as long as the pump
fluctuations for the two laser modes are not perfectly correlated
(η < 1).
III. DESCRIPTION OF THE EXPERIMENTAL SET-UP
The experimental set-up designed for measuring the phase
noise of the RF beatnote, generated by optical mixing of the
two orthogonally polarized laser modes, is schematized in Fig.
2. The laser is operating at 1 µm and the pumping is done with
a 808 nm diode laser, pigtailed with a multimode fiber and
delevering up to 3 W of optical power. The laser is based on
the 1/2-VCSEL structure, which is grown by Metal Organic
Chemical Vapour Deposition (MOCVD) technique [26]. The
1/2-VCSEL structure is initially grown on a GaAs substrate,
then it is transferred to a SiC substrate. The high thermal
conductivity (490 Wm−1K−1) of the SiC substrate enables
to dissipate the extra heat generated by the optical pump
and thus maintains a good efficiency of our laser. Moreover,
the structure is placed on a Peltier thermoelectric cooler,
whose temperature is maintained at 19◦C using a temperature
controller. There is a Bragg mirror inside the 1/2-VCSEL
structure, which consists in 28 pairs of alternating GaAs/AlAs
layers, providing 99.9 % reflectivity at 1 µm. The 1/2-VCSEL
structure contains six strained balanced InGaAs/GaAsP quan-
tum wells (QW), which are responsible for the gain at 1 µm.
The structure possesses a linear gain dichroism. The anti-
reflection coating of Si3N4 on top of the 1/2-VCSEL structure
reduces the micro-cavity effect between the Bragg mirror
and the semiconductor-air interface. The planar-concave laser
cavity is about 1.5 cm long. A concave mirror of reflectivity
99.5 percent and radius of curvature 25 mm serves as the
output coupler. Besides, this configuration ensures a class-A
dynamical behavior of our VECSEL, since the photon lifetime
(∼10 ns) is sufficiently longer than the population inversion
lifetime (∼3 ns) [13], [14]. The intra-cavity YVO4 birefringent
crystal (BC) with anti-reflection coating at 1 µm introduces
a polarization walk-off d proportional to its thickness. The
two laser modes are perfectly spatially overlapped between
the birefringent crystal BC and the output coupler as the
Bragg mirror is planar and the output mirror is concave. The
birefringent crystal is oriented in such a way that the maximum
gain axis of the semiconductor structure is aligned along the
bisector of the ordinary and extraordinary eigenpolarizations
of the BC. Thanks to the intra-cavity BC, which spatially
separates the two orthogonally linearly polarized laser modes
on the gain structure while enabling a balanced gain for the
two orthogonal polarizations, simultaneous oscillation of the
two modes is obtained by reducing the coupling constant value
below unity [13].
The waists of the two laser modes are identical and about
62 µm. The position and the size of the pump beam is exper-
imentally adjusted on the gain medium to provide maximum
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and nearly identical gain for the two modes. We have used
three different BCs of thicknesses 1 mm, 0.5 mm and 0.2
mm, which correspond to spatial separations of 100 µm, 50
µm and 20 µm respectively, hence different coupling strengths
between the laser modes [36]. The intra-cavity 150-µm-thick
uncoated glass e´talon forces both polarizations to oscillate in
single longitudinal mode.
The scanning Fabry-Perot interferometer with 10 GHz free
spectral range enables us to analyze continuously the laser
spectrum to check that the two orthogonal eigenpolarizations
are oscillating simultaneously in single-longitudinal-mode
regime without any mode hopping during data acquisition.
To generate the RF beatnote, the two orthogonally polarized
modes are mixed by a half-wave plate (λ/2-plate), followed by
a polarization beam splitter (PBS). The RF beatnote is detected
by a high-speed photodiode of 22 GHz bandwidth (Discovery
DSC-30S). Then the RF signal is amplified using a low noise
RF amplifier (RFA). Now one part of the amplified RF signal
is sent to an electrical spectrum analyzer (ESA) to monitor the
beatnote spectrum. Thereafter, the other part of the RF signal
is downshifted to an intermediate frequency (IF) by mixing it
with a signal from a local oscillator (LO) (Rohde & Schwarz
SMF100A) having very low phase noise compared to the RF
phase noise of our laser. Finally the IF signal is recorded in
time domain using a deep memory digital oscilloscope and
processed numerically to obtain the phase noise spectrum of
the RF beatnote.
Before measuring the phase noise of the RF beatnote gen-
erated by our dual-frequency VECSEL, let us first recall that,
in our model, we have approximated the pump intensity noise
as white, i.e., independent of frequency in the range of our
interest (10 kHz to 50 MHz). Let us first check this assumption
by measuring the pump RIN spectrum. The corresponding
experimental result is shown in Fig. 3. One can see that the
experiment ensures that the pump noise is almost flat within
the interesting frequency range (10 kHz− 50 MHz). The pump
RIN level is close to -138 dB/Hz, which we will take as the
value that we will inject in our model in the following.
IV. RF PHASE NOISE: EXPERIMENTAL AND THEORETICAL
The phase noise measurements of the RF beatnote have
been performed for three different BCs of thicknesses 1 mm,
0.5 mm and 0.2 mm, which respectively correspond to spatial
separations of 100 µm, 50 µm, and 20 µm between the two
laser modes on the gain structure. For all the measurements
of different coupling situations between the laser modes, the
pump power is fixed to 1.5 W and the power of the each laser
mode is between 50 and 60 mW.
Fig. 4 shows the results for the 1-mm thick BC, which
spatially separates the two laser beams by 100 µm on the
gain medium. In this case, the coupling constant (C) has
been measured to be equal to 0.1 [14], [36]. The power
spectral density (PSD) of the RF phase noise is shown in
Fig. 4(a), whereas the corresponding RF beatnote spectrum is
reproduced in Fig. 4(b). In Fig. 4(a), the solid black and red
curves respectively correspond to the experimental and total
theoretical PSD of the RF phase noise. The total theoretical
1 0 k 1 0 0 k 1 M 1 0 M
- 1 6 0
- 1 5 0
- 1 4 0
- 1 3 0
- 1 2 0
RIN
 (dB
/Hz
)
F r e q u e n c y  ( k H z )
Fig. 3. Experimentally measured RIN spectrum of the pump diode laser.
RF phase noise PSD [red curve in Fig. 4(a)] is obtained by
adding two different physical mechanisms: (i) phase-intensity
coupling due to the large Henry factor of the semiconductor
gain medium of our laser [see Eq. (26)] and (ii) the fluctuations
of the refractive index of the semiconductor structure due
to the temperature fluctuations induced by pump intensity
fluctuations [see Eq. (46)]. The contribution of the phase-
intensity coupling to the RF phase noise PSD, calculated
from Eq. (26), is shown by the dot-dashed blue curve in Fig.
4(a), while the contribution of the thermal effect, calculated
from Eq. (46), is plotted as the dot-dashed green curve. The
parameters used for the simulations, which are given in the
figure captions, have been either obtained from the experiment
or from preceding works performed with the same type of
structure [28]. So in this low coupling condition (C = 0.1),
the dominant contribution to the RF phase noise for offset
frequencies between 700 kHz and 50 MHz comes from phase-
intensity coupling. The RF phase noise coming from thermal
fluctuations, induced by pump power fluctuations, is dominant
at lower frequencies (between 10 and 700 kHz) but is filtered
out for frequencies larger than a few hundred kilohertz by the
thermal response time of the structure.
The total theoretical curve (solid red curve in Fig. 4(a))
shows satisfactory matching with the experimentally measured
RF phase noise (solid black curve in Fig. 4(a)). The remaining
small discrepancy probably comes from the crude approxi-
mation of the thermal response of the structure by a simple
first-order filter [see Eq. (34)] and also from the approximate
expression [see Eq. (35)] we chose for the thermal response
time of the structure [32]. In the beatnote spectrum as shown in
Fig. 4(b), one can clearly see that the beat frequency, centered
around 4.807 GHz, is sitting on a noise pedestal corresponding
to the phase noise of Fig. 4(a).
Fig. 5 shows the results obtained with the 0.5-mm-thick BC,
which corresponds to a spatial separation of 50 µm between
the two laser modes on the gain structure. For the theoretical
simulations, we use the coupling constant (C) value of 0.35,
to which we refer as a moderate coupling situation [14], [36].
In Fig. 5(a), the solid black curve represents the experimental
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Fig. 4. Results for the 1-mm-thick BC, which corresponds to a spatial separation (d) of 100 µm. (a) Power spectral density (PSD) of the phase noise of the
RF beatnote. (b) Beatnote spectrum, measured by the ESA with resolution bandwidth (RBW) = 30 kHz and video bandwidth (VBW) = 30 kHz. Parameter
values used for simulation: C = 0.1, α = 12, r1 = 1.45, r2 = 1.5, τ1 = 5.8 ns, τ2 = 6 ns, τ = 3 ns, RINp = −138 dB/Hz, η = 0.85, DT = 0.22
cm2s−1, dn/dt = 2.7× 10−4 K−1, LSC = 2.3 µm, Lext = 1.5 cm, wp = 50 µm, Rth = 6 K.W−1, Pp = 1.5 W.
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Fig. 5. Results for the 0.5-mm-thick BC, which corresponds to a spatial separation (d) of 50 µm. (a) Power spectral density (PSD) of the phase noise of
the RF beatnote. (b) Beatnote spectrum, measured by ESA with resolution bandwidth (RBW) = 30 kHz and video bandwidth (VBW) = 30 kHz. Parameter
values used for simulation: C = 0.35, α = 12, r1 = 1.45, r2 = 1.5, τ1 = 5.8 ns, τ2 = 6 ns, τ = 3 ns, RINp = −138 dB/Hz, η = 0.85, DT = 0.22
cm2s−1, dn/dt = 2.7× 10−4 K−1, LSC = 2.3 µm, Lext = 1.5 cm, wp = 50 µm, Rth = 6 K.W−1, Pp = 1.5 W.
PSD of the RF phase noise, whereas the solid red curve depicts
the corresponding theoretical one. The total theoretical curve
(solid red curve) is obtained by considering the effects of
thermal noise as well as noise due to phase-intensity coupling.
The PSD of the RF phase noise coming only from pump noise
induced thermal noise, is shown as a dot-dashed green curve
of Fig. 5(a), whereas the contribution of the phase-intensity
coupling due to the Henry factor is given by the dot-dashed
blue curve of Fig. 5(a). As we can see from Fig. 5(a), the effect
of the phase-intensity coupling is dominant for frequencies
higher than 500 kHz, whereas the thermal noise is dominant
for lower frequencies (10 kHz to 500 kHz). The theoretical
prediction (red curve of Fig. 5(a)) shows fairly good agreement
with the corresponding experimental results (black curve of
Fig. 5(a)). The RF beatnote centered at about 4.227 GHz is
shown in Fig. 5(b).
The results for the 0.2-mm-thick BC are shown in Fig. 6,
which corresponds to a spatial separation between the two
laser modes of 20 µm. In this configuration, the coupling
constant C is shown to be equal to 0.65 [14], [36]. So this leads
to a relatively intense coupling between the laser modes. In this
case, the experimental and theoretical PSD of the RF phase
noise within the interesting frequency range 10 kHz − 50
MHz, are respectively given by the solid black and red curves
in Fig. 6(a). Similarly to preceding results, the total theoretical
curve (solid red curve of Fig. 6(a)) is obtained by taking into
account the two different mechanisms discussed above. We can
see that the lower frequency (10 kHz − 200kHz) RF phase
noise is mainly coming from pump noise induced thermal
fluctuations, whereas the phase-intensity coupling effect is
contributing dominantly for frequencies higher than 200 kHz.
The beatnote spectrum is given in Fig. 6(b), where we can see
that the beatnote is centered around 4.081 GHz and contains
again a few megahertz wide pedestal due to the phase noise.
Again the theory (solid red curve) shows very good agreement
with experiment (solid black curve) for this strong coupling
situation. The little discrepancy for frequencies higher than
20 MHz is coming from the fact that we are approaching the
measurement noise floor (∼ −130 dBc/Hz), which is limited
by our oscilloscope.
We can see from the result obtained in Sec. II that the
thermally induced phase noise is independent of the value
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Fig. 6. Results for the 0.2-mm-thick BC, which corresponds to a spatial separation (d) of 20 µm. (a) Power spectral density (PSD) of the phase noise of
the RF beatnote. (b) Beatnote spectrum, measured by ESA with resolution bandwidth (RBW) = 30 kHz and video bandwidth (VBW) = 30 kHz. Parameter
values used for simulation: C = 0.65, α = 12, r1 = 1.35, r2 = 1.4, τ1 = 6.3 ns, τ2 = 6.6 ns, τ = 3 ns, RINp = −138 dB/Hz, η = 0.85, DT = 0.22
cm2s−1, dn/dt = 2.7× 10−4 K−1, LSC = 2.3 µm, Lext = 1.5 cm, wp = 50 µm, Rth = 6 K.W−1, Pp = 1.5 W.
of the coupling constant C, whereas the phase noise coming
through phase-intensity coupling via Henry factor depends
on C since the intensity noises of the two modes and their
correlations depend on C [14]. So for very strong coupling
(C = 0.65), the intensity noises of the two laser modes
are increased for intermediate frequencies (between 200 kHz
and 2 MHz) due to strong anti-phase relaxation mechanism
compared to in-phase relaxation mechanism of the coupled
oscillator system [14]. As a result of that the RF phase noise
coming from the phase-intensity coupling is also increased
for intermediate frequencies, as intuitively anticipated (Fig.
6(a)). But for smaller values of coupling (C = 0.1 and
0.35), the response of the antiphase relaxation mechanism is
lower (for C = 0.1) or comparable (C = 0.35) with the
response of the inphase relaxation mechanism for intermediate
frequencies (between 200 kHz and 2 MHz). Moreover, the in-
phase relaxation mechanism is independent of the strength of
coupling. So the noise response of each laser mode, which is
obtained by substracting the anti-phase response from the in-
phase response, is relatively low at intermediate frequencies
for smaller couplings. Therefore, the phase noise introduced
via phase-intensity coupling is relatively low at these fre-
quencies in case of low (C = 0.1) and moderate coupling
(C = 0.35), which explains the evolution of the experimental
and theoretical spectra with C. These results suggest that a
moderate spatial separation of about 50 µm, corresponding to
roughly 50 % mode spatial overlap, is a good tradeoff enabling
good robustness of the dual frequency oscillation as well as
good spectral purity of the beatnote.
V. CONCLUSION
In this study, we study both experimentally and theoretically
the phase noise of the RF beatnote generated by optical
mixing of two orthogonally polarized modes of the dual-
frequency VECSEL. We have investigated the RF phase noise
properties for three different coupling strengths between the
two laser modes. In the theory, we consider two different
effects of pump intensity noise, which we suppose to be the
only source of noise in the frequency range of interest (10
kHz to 50 MHz). The first effect of the pump noise is to
generate intensity noises in the two laser modes, which then
give rise to phase noise via phase-intensity coupling due to the
high Henry factor of the semiconductor gain medium. Now
the intensity noises of the two laser modes are not perfectly
correlated and the noise correlations depend on the strength of
the nonlinear coupling between these modes [14]. The partial
correlation between the intensity noises of the two laser modes
comes from the fact that the pump noises for the two modes
are not perfectly correlated (η < 1). Therefore, the optical
phase noises for the two laser modes, which are generated
by intensity noises via phase-intensity coupling, are also not
perfectly correlated. As a result, the fluctuations of optical
phases of the two laser modes are not completely cancelled
out, when we mix them to generate beatnote. This gives rise
to the few megahertz wide noise pedestal of the RF beatnote.
The other effect of the pump noise is to introduce thermal
fluctuations of the semiconductor structure. As a result, the
refractive index of the semiconductor and hence the effective
cavity length fluctuates, which creates the phase fluctuations
of the two modes oscillating inside the cavity. Now again,
as the pump fluctuations for the two modes are not fully
correlated, the phase fluctuations of the two modes originating
via thermal fluctuations are not fully correlated. Therefore, in
the beatnote the optical phase noises of the two modes are
not completely cancelled out thus giving rise to the RF noise
pedestal. In the RF phase noise spectra, the thermal noise is
dominating for lower frequencies (typically below 500 kHz),
whereas the noise coming from phase-intensity coupling is
dominating for higher offset frequencies (typically within 500
kHz − 50 MHz). Moreover, the thermal noise is independent
of coupling between the two laser modes, whereas the noise
coming through phase-intensity coupling depends on coupling
strengths. This is due to the fact that intensity noises of the
laser modes, which are generating phase noises via phase-
intensity coupling, as well as correlations between these noises
depend on coupling strengths between the two laser modes.
This study will help us to improve the purity of the optically
carried RF signal, which is the very basic requirement for any
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RADAR application.
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